When soybean Glycine max var Wayne seedlings are shifted from a normal growth temperature of 28°C up to 40°C (heat shock or HS), there is a dramatic change in protein synthesis. A new set of proteins known as heat shock proteins (HSPs) is produced and normal protein synthesis is greatly reduced. A brief 10-minute exposure to 45°C followed by incubation at 28°C also results in the synthesis of HSPs. Prolonged incubation (e.g. 1-2 hours) at 45°C results in greatly impaired protein synthesis and seedling death. However, a pretreatment at 40°C or a brief (10-minute) pulse treatment at 45°C followed by a 28C incubation provide protection (thermal tolerance) to a subsequent exposure at 45C. Maximum thermoprotection is achieved by a 2-hour 40°C pretreatment or after 2 hours at 28C with a prior 10-minute 45°C exposure. Arsenite treatment (50 micromolar for 3 hours) also induces the synthesis of HSPlike proteins, and also provides thermoprotection to a 45C HS; thus, there is a strong positive correlation between the accumulation of HSPs and the acquisition of thermal tolerance under a range of conditions. During 40°C HS, some HSPs become localized and stably associated with purified organelle fractions (cg. nuclei, mitochondria4 and ribosomes) while others do not. A chase at 28C results in the gradual loss over a 4-hour period of the HSPs from the organelle fractions, but the HSPs remain selectively localized during a 40C chase period. If the seedlings are subjected to a second HS after a 28C chase, the HSPs rapidly (complete within 15 minute) relocalize in the organelle fractions.
The induction of HSPs3 has been shown to be a universal response to thermal stress in a wide range of organisms (5-7, 9, 15, 21, 24, 30, 34) . Earlier work showed that when the growth temperature of soybean seedlings was shifted from 28°C to 40°C the pattern of protein synthesis changed rapidly; i.e. normal protein synthesis decreased and a new set of proteins (HSPs) was induced (15) . In Drosophila the changes in protein synthesis during HS were shown to result from changes in the production and utilization of mRNA (5, 25) . While information on the exact role or function of HSPs, the evidence from work with E. coli (34) , yeast (24) , and Dictyostelium (21) mutants, along with the specific cellular localization of HSPs (3, 4, 16, 22, 26, 32, 33) generally supports the view that HSPs provide protection or thermotolerance for the organism to otherwise lethal temperatures.
In this report, we present three lines of evidence supporting the role of HSPs in the acquisition of thermotolerance in plants. The criteria for thermoprotection are based on both the growth of soybean seedlings after a 2-h treatment at the lethal temperature of 45°C and the level of amino acid incorporation at this temperature. First, evidence is presented that the two conditions which stimulate the production of HSPs, i.e. a brief exposure to 45°C followed by incubation at 28°C or a somewhat longer exposure to 40°C, provide thermoprotection. Second, some HSPs become selectively localized in cellular organelles during HS and relocalize during a second heat shock after delocalization by a chase at 28°C. A third line of evidence is based on the induction by arsenite of HSP-like proteins. In soybean (results ofthis study) and other systems (5, 14) , this respiratory inhibitor stimulates the production of electrophoretically similar proteins that provide thermoprotection and which become localized only during HS in the soybean seedlings. These observations support the view that the accumulation and selective localization of HSPs impart thermoprotection to soybean seedlings to otherwise lethal temperatures.
MATERIALS AND METHODS Plant Material. Soybean seeds (Glycine max var Wayne) were germinated in rolls of moist Chem-pak at 28°C in a dark growth chamber. For growth analysis, 30 seeds were germinated overnight as described above (length of axis was about 1 cm) and then incubated in 1% sucrose, 1 mm K-phosphate (pH 6.0) in shaking water baths at various temperature regimes. After treatment, the seedlings were replanted in moist Chem-pak rolls and grown at 28°C. Seedling length was measured every 24 h for 72 h.
In Vivo Labeling and Extraction of Labeled Proteins. For amino acid incorporation measurements, five 2-d-old seedlings (3) (4) Laemmli (18) and equivalent amounts of protein samples were loaded unless otherwise specified. For two-dimensional gels, the method of O'Farrell was followed (28) . Fluorography of the gels was accomplished using ENHANCE (New England Nuclear) and preflashed Kodak film (XAR-5). typical seedlings 72 h after each treatment are shown in Figure  1 . Seedlings incubated for 1 h at 40°C were almost as well protected as those treated for 2 h'at 40C. Preincubation at 40°C for more than 2 h did not provide additional protection (data not shown). A preincubation of less than 1 h at 40°C is not sufficient to give thermoprotection, but as little as 15 min at 40°C followed by 2 to 4 h at 28°C causes the seedlings to develop significant levels of thermoprotection (Table I ; Fig. 1 
, no. 8).
A brief, 10-min HS pulse at 45C will also protect seedling growth during a subsequent longer incubation at 45°C, provided there is an adequate intervening incubation at 28°C (Table II) . The pattern of protein synthesis during this intervening incubation at 28°C is shown in Figure 2 . It is evident that a large proportion of proteins synthesized during the 2nd and 3rd h at 28°C are HSPs. Data in Table II (15) . Table IV ribosome fraction (Fig. 6) . The other HSPs with mol wt of 92, 84, and 27 kD are not localized in ribosomal fractions but are found primarily in the postribosomal supernatant (data not shown). Although there is TCA-precipitable 3H-protein associated with the ribosomal fraction from the 28°C chase, no labeled HSPs are seen on SDS-gel analysis (Fig. 6D) . A much greater level (up to 10 x) of 3H-HSPs become associated with the .. Fifty seedlings per sample were treated and labeled as described in Figure 6 . After a 4-h chase at 28°C, the samples were subjected to a 45MC teins, and the 69-70 kD protein band resolves into three spots.
The association of the HSPs with the ribosome fraction is a very quick process; within 15 min most of the proteins that will localize have already done so (Fig. 8, B versus D) . HSPs do not chase out of the ribosomal fraction and into the soluble supernatant fraction as quickly, however; Figure 9 shows that it takes at least 3 to 4 h at 280C for HSPs to dissociate, and even then some 69-70 kD proteins appear to remain (Fig. 9H) .
The patterns of HSPs associated with nuclei and mitochondria are shown in Figure 10 , A, B, C and D, E, F, respectively. Although the recovery of these organelles from each treatment by purification through Percoll or sucrose gradients was not as consistent as with the ribosome preparations, the association of 69-70 and 15-18 kD proteins with these organelles was similar to that found in the ribosome fraction. Additional HSPs with sizes of about 24 and 22 kD were found associated preferentially with the mitochondrial fraction in a temperature-dependent manner. The HSPs which associated preferentially with the mitochondrial fraction are not mitochondrial in origin (unpublished data), and they do not appear to chase significantly at either 28°C or 40°C.
The arsenite-induced proteins that appear to provide thermoprotection behave like HSPs relative to localization patterns. A set ofarsenite-induced proteins are shown in Figure 1 1 to localize into the ribosomal fraction when the tissue is subjected to HS at 40°C, 42.5°C, or 45°C for 1 h (Fig. 1, E, F , and G, respectively); these proteins are not localized during arsenite induction at 28°C (Fig. 11D) ., The localized arsenite-induced proteins are similar in size and electrophoretic properties to the HSPs found in the ribosomal fraction. (2, 11, 16, 17, 20, 21, 24, 27, 29 ). An earlier report by Yarwood (35) also demonstrated the development of thermal tolerance or 'adaptation' to high temperature (e.g. 55C) or 'challenge heat' by pretreatment with a nonlethal 'predisposition heat' (e.g. 50C for 20 s) followed by several hours at the normal growing temperature. The evidence presented here and preliminary data previously reported (16, 17) (17, 31) show in fact that both HS mRNA and HSP synthesis do occur at 45°C if the seedlings had earlier been exposed to one of the conditions noted above. We envision a role(s) for the HSPs in protecting vital functions and structures (e.g. transcription, translation, energy production machinery) during high temperature HS to allow the HS response and to permit normal functions to rapidly return when favorable temperatures are reestablished. It is known that recovery of normal mRNA and protein synthesis occurs rapidly when the temperature is shifted back to normal (e.g. 28°C) (15, 30) . The resumption of normal protein synthesis utilizes mRNAs conserved during HS (5) as well as that newly synthesized during recovery (30) .
The acquisition of thermotolerance appears to depend not only upon the synthesis of HSPs but also on their selective cellular localization. In the soybean seedlings, several HSPs become selectively localized in or associated with nuclei, mitochondria, and ribosomes in a state that causes them to isolate in gradient-purified fractions of these organelles. Specifically, the complex group of 15-18 kD HSPs selectively localize in these fractions during HS of soybean seedlings. Lesser amounts of the 68-70 and 92 kD HSPs seem to localize in this way. Some additional 22-24 kD HSPs seem to selectively localize in the mitochondrial fraction. The 27 kD and 84 kD HSPs seem not to associate with any organelle fractions and to remain as 'soluble' supernatant proteins during HS.
The selective localization of HSPs is temperature dependent. The HSPs (except the 22-24 kD HSPs of the mitochondrial fraction) chase from the organelle fractions during a 4-h incubation at 28°C; they remain organelle-associated during a chase at HS temperature. Arsenite-induced HSPs do not localize at 28°C, but they do become organelle-associated during a subsequent HS. Also, a second HS following a 4-h 28C chase results in rapid (within 15 min) reassociation of HSPs with the organelle fractions. The level of HSP reassociation during this second IiS is also temperature dependent.
The nature of the association of the HSPs with the organelle fractions of soybean is not known. One approach to gaining some insight into this phenomenon would be immunofluorescent localization of some of the HSPs with specific HSP antibodies. Such studies with Drosophila have shown that the 70 kD HSP (by far the most abundant HSP in that system) becomes an interband chromosomal protein during HS (3, 19, 26, 32) . Other HSPs of Drosophila (4) and Dictyostelium (22) also seem to become nuclear localized during HS. In chick fibroblasts, the 70 kD protein seems to be primarily a cytoskeleton protein during HS (30) . The precipitation of the 70 and 72 kD HSPs of animal cells with a monoclonal antibody to a cell surface glycoprotein has led to the suggestion that HSPs may mediate an association between the cell membrane and cytoskeleton (12) . Since there are many more species of HSP in plants (6, 9, 15) than in animal systems, selective association with organelle fractions other than nuclei may be largely restricted to plants (16) . While there is not a substantial amount of data available to date, and not complete agreement even among those studies on the specifics of localization of HSPs (5, 30) , the data do seem adequate to conclude that selective localization of HSPs during HS is important to their function(s) in the development of the homeostatic state or acquisition of thermotolerance.
The unique structure of the four small HSPs of Drosophila may relate to their role in selective localization and development of thermotolerance. The nucleotide sequence of the genes for the four small Drosophila HSPs (13) shows a striking homology from position 85 to position 195 (three of the genes have the same nucleotide at 77% of these positions and all four genes have the same nucleotide at 37% ofthe positions). Further, there is striking homology of this region of these HSPs and the a-crystallin protein of mammals; for a region containing 76 amino acids, the same amino acid in a-crystallin is used at 39 positions in three of the HSPs and at least one of the HSPs has the same amino acid at 53 positions. The derived amino acid sequence of these HSPs shows striking and somewhat alternating regions of hydrophobicity. The known aggregation of a-crystallin protein into 800 kD complexes coupled with the striking homology with these Drosophila HSPs is suggestive that these properties may serve as a basis for selective localization of these HSPs and provision of structural interactions which relate directly to thermal protection.
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